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Results from ~60 induced nuclear interactions with C, Cu, Ag and Au targets at 60 and 200 A GeV are presented. Multiplicity 
and pseudorapidity-density distributions of  charged particles and their dependence on the target mass  number  are reported. The 
increase in the particle density with increasing centrality, characterized by the energy flux at zero degrees, is investigated. Com- 
parisons with the Fritiof model reveal systematic differences. 

1. Introduction 

The fixed target nucleus-nucleus physics program 
at the CERN SPS was launched when the ~60 ion 
source [ 1 ], capable of producing highly charged ions, 
came into operation. The available energy scale was 
thereby expanded with nearly two orders of magni- 
tude compared to Berkeley and Dubna energies. The 
aim of this program is to study the spacetime devel- 
opment of hadronic interactions under extreme con- 
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ditions of energy and baryon densities within the 
nuclear dimensions. Central nuclear collisions are 
accompanied by an intense particle production [ 2 ]. 
In such collisons, high energy densities can be formed 
over large volumes, and transitions to new phases of 
matter, e.g. quark-gluon plasma, may occur. As a part 
of the WA80 [3] experimental program the multi- 
plicity and the pseudorapidity-density distributions 
of charged particles are studied in 60 and 200 A GeV 
'60 induced collisions with various nuclear targets. 
Characterization of an event is done via the energy 
flux in the forward direction, a<0 .3  °, which was 
measured by a Zero-Degree Calorimeter (ZDC) [4] 
positioned 11 m downstream from the target. Essen- 
tially all the kinetic energy carried by the spectator 
part of the projectile is deposited in the ZDC, and 
consequently the energy measured there is strongly 
correlated to the "centrality" of the event. The data 
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are compared to predictions from the event genera- 
tor Fritiof [ 5 ]. 

2. The multiplicity detectors 

get-in/target-out" trigger ratios were better than 40 : 1, 
and the vast majority of the background events were 
found to have low multiplicities. To a large extent 
those events were rejected in the off-line analysis. 

A unique feature of the experiment is the large cov- 
erage in pseudorapidity, r / = - l n t a n ( 0 / 2 ) ,  for 
charged-particle detection. Between the polar angles 
1.7 ° and 32 °, ~/=4.2-1.2, the charged particles are 
measured by large multiplicity arrays consisting of 
Iarrocci-type streamer tubes [ 6 ]. The streamer tubes 
are read out through capacitively coupled pads and 
the position of each "fired" pad is recorded. 

The first multiplicity array is placed 2.4 m from 
the target. In the range 10 ° < 0 < 32 °, 2.4> r/> 1.2, it 
has a granular structure of 5600 pads of  the sizes 
5.2X 3.5 and 2.1 X 5.2 cm 2. Further downstream, at 
distances of 5.8 and 6.1 m from the target, two other 
multiplicity arrays are placed. They both cover the 
angular range 1.7 ° < 0 <  17 °, 4 .2>r />  1.9, and each 
of them has 8200 pads of  three different sizes, 
5.2 X 3.5, 2.1 X 5.2 and 1.0 × 2.6 cm 2, respectively. All 
these arrays have an area of about 9 m 2 each. A fourth, 
somewhat smaller array is placed below the beam axis, 
at a distance of 2.6 m from the target. 

The Plastic Ball detector, consisting of 655 AE-E  
modules, measures all and identifies most of  the 
charged particles in the angular range 30 ° < 0< 160 ° 
[ 7 ]. Together, the Plastic Ball and the multiplicity 
detectors cover 97% of 41r st. 

The detectors are able to measure charged particles 
which have an energy high enough to penetrate the 
walls of  the vacuum system, the windows of the de- 
tectors, and the air in between. For the Plastic Ball 
detector the thresholds are 11 MeV for protons and 
approximately 11 A MeV for heavier fragments. For 
the multiplicity arrays the thresholds are approxi- 
mately 25 MeV for protons and 14 MeV for pions. 

The beam particles were identified in total-reflec- 
tion Cerenkov counters. Reactions in these counters 
were vetoed by a halo-detector. Targets of  C, Cu, Ag 
and Au, about 200 mg/cm 2 thick, were used. Data 
were taken with a minimum-bias trigger which re- 
quired an energy in the ZDC of less than 0.85 TeV 
and 2.8 TeV for 60 and 200 A GeV incident energy, 
respectively, and that at least one charged particle 
should be recorded in the multiplicity arrays. "Tar- 

3. Corrections to the data 

A charged particle traversing a streamer-tube de- 
tector produces a streamer which sometimes can be 
sensed by more than one pad. The "fired" pads in 
one detector array were therefore filtered through a 
cluster routine which assigns "fired" pads to clusters, 
hereafter called hits. Typically, 60% of the hits con- 
sist of  only one "fired" pad. I f  more than four adja- 
cent pads "fired", they were assigned to two or more 
hits. 

The acceptance loss, due to the insensitivity in be- 
tween the streamer tubes, sets an upper limit of the 
detection probability for charged particles [ 6 ]. In be- 
tween the readout pads, on the circuit boards, there 
are also small insensitive areas. The probability of 
detecting a charged particle, traversing a multiplicity 
array, has been measured by using the information 
from three overlapping arrays. The overall detection 
probability was found to be 85%. A second method 
of estimating this quantity, using plastic scintillators 
on both sides of a detector plane for tagging, gave a 
similar result. 

In order to separate good tracks from background 
tracks that do not arise from the target, hits in the 
different detector planes were correlated. These 
background tracks could for example be due to par- 
ticles from secondary interactions in air and other 
materials, or due to albedo particles from the calo- 
rimeters in the experimental setup. In this correla- 
tion procedure the planes were used in pairs. The hits 
in the upstream plane were projected onto the down- 
stream one. Candidates within a certain correlation 
radius, varying from 5 to 10 cm depending on the lo- 
cal padsizes, were considered and the one with the 
smallest deviation, using a cartesian norm, from the 
prediction in the downstream plane was used. The 
tracks so constructed were weighted by 0.85 -2 . The 
effect of"false correlations" was studied by a Monte 
Carlo program. If  the incoming charged particle is 
seen in one plane but missed in the second, a corre- 
lation could still be made with a nearby hit in that 
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plane. These "false correlations" have been corrected 
for and can contribute as much as 10% to the total 
yield of  charged particles but usually are only a few 
percent. In the angular region where only one detec- 
tor plane was used the yield of  charged particles was 
weighted with 0.85- '. This was the reduced by a po- 
lar angle dependent factor to correct for the back- 
ground tracks which do not arise from the target. This 
factor, typically in the order of  10-15%, was deter- 
mined from the angular regions where correlations 
were made. 

The yield of  charged particles as a function of polar 
angle was corrected for the contributions from the 
following processes: 

(i) ?-conversion. In order to keep the contribution 
from ?-conversion low, a 300-500 ~tm thick alumi- 
num target-chamber and a downstream 500 ktm car- 
bon fiber beam-pipe have been employed. The 
correction is at most 4.4% at 0 =  1.7 ° and goes down 
to 2.4% at 0 = 8 °. Note that electron-positron pairs 
will almost always be assigned to the same hit. 

(ii) Secondary hadronic interactions. As for ?- 
conversion, the probability for nuclear interactions 
of  hadrons in the carbon-fiber beam pipe increases 
with decreasing polar angle. The probability is 2.6% 
at 0 = 1.7 ° and decreases to 1.2% at 0 = 8 °. Although 
the probabilities are quite small, the corrections are 
still important since each interaction can produce 
several charged particles, their number depending on 
the momentum of the incident particle. For calculat- 
ing the number of charged secondaries emitted in the 
forward region we used a phenomenological model 
[ 8 ]. We estimate the total contribution from second- 
ary hadronic interactions to be less than 7% around 
0 = 2.0 ° and then it decreases with polar angle. 

(iii) Multiple-hits. The probability that two or more 
particles hit the same detector element depends on 
the particle density and the detector granularity. The 
highest multiple-hit probability is found in the angu- 
lar region of 30-35 ° and for 0 less than 2 °. In the 
case of central oxygen-gold collisions at 200 A GeV 
these corrections are 40% and 20%, respectively. In 
most regions the corrections are smaller than a few 
percent. 

7-conversion and secondary hadronic interactions, 
as well as absorption, in the target are not corrected 
for. We estimate that for the most central collisions, 
where all the 16 projectile nucleons participate, the 
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charged particle multiplicity increases due to target 
interactions by 1.5% on the average, the increase 
reaching 5% (10%) for 1% (0.1%) of these events. 

Furthermore we have estimated the contribution 
to the charged-particle spectra from decaying neutral 
strange particles into charged decay-products. The 
Fritiof model predicts a relative contribution of about 
7% to the total charged-particle yield from the pro- 
cesses A ° ~ p n -  and K °--,n +n - .  Due to the large di- 
mensions of our experimental setup most of  these 
decay products are observed, and consequently, they 
are included in the data. This fact should be kept in 
mind when direct comparisons with data from other 
experiments are made. 

4 .  M u l t i p l i c i t y  a n d  p s e u d o r a p i d i t y  d i s t r i b u t i o n s  

In figs. la and lb we present the charged-particle 
multiplicity distributions in the range - 1.7 < r/< 4.2 
for 60 and 200 A GeV '60 interactions with C, Cu, 
Ag, and Au targets, samples with the minimum-bias 
trigger. In the very low multiplicity region a dip oc- 
curs which is dominantly a consequence of our trig- 
ger conditions. The multiplicity distribution of 200 A 
GeV 160+mu reactions extends to multiplicities of  
around 500 charged particles, which corresponds to 
more than 400 produced charged particles. 

In order to compare with the Fritiof model [ 5 ] we 
exhibit in figs. l c and 1 d the multiplicity distribu- 
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Fig. 2. Pseudorapidity-density distributions of charged panicles 
in interactions between ~60 and (a) various targets at 60 A GeV, 
(b) various targets at 200 A GeV, (c) Au at different "centrali- 
ties" at 60 A GeV, and (d) Au at different "centralities" at 200 
A GeV. The statistical errors are smaller than the symbols. 

tions for 2.0 < v/< 4.2. In this range the contribution 
from target-nucleus fragmentation, which is not in- 
cluded in Fritiof, is reduced. The minimum-bias  trig- 
ger conditions were simulated in the model 
calculations. The comparison with Fri t iof shows sig- 
nificant deviations, especially at large multiplicities, 
for the 200 A GeV data. These findings corroborate 
those of  ref. [ 9 ] where also the transverse energy, Ex, 
is larger than the Frit iof model predictions, i.e. the 
excess in Ex is carried by a larger number  o f  pro- 
duced particles. (See also the inset o f  fig. 4). 

In figs. 2a and 2b the minimum-bias  pseudorapid- 
ity-density, p =  1/Nevents (Anch/Ar/), distributions o f  
charged particles for various targets and energies are 
shown. For  all targets and energies the distributions 
are bell-shaped, and a backward shift of  the maxi- 
m u m  as the target mass increases is observed. At 60 
A GeV the observed peak-shift, as a function o f  target 
mass, is about twice as large as for the 200 A GeV 
data. It should be pointed out that at 60 A GeV the 
mid-rapidity region is closer to the target fragmenta- 
tion region which influences the form of  the distri- 
butions. The dashed curves represent Fri t iof model 
calculations for the different targets. Clearly, a dis- 
crepancy in the target fragmentation region is ex- 
pected due to the fact that neither target 
fragmentation, nor  intranuclear cascading are con- 
tained in the model. However,  for the 200 A GeV 
data, a systematic deviation at mid-rapidity still re- 
mains. Presently, this deviation is not understood, 

Tabel 1 
Features of the pseudorapidity distributions from t60 induced 
interactions, sampled with the minimum-bias trigger, for various 
targets and energies. Statistical errors are ~ 1% for the peak heights 
(relative) and 0.1 for the peak positions (absolute). 

Energy Target Peak height Peak position 

data Fritiof data Fritiof 

60 A GeV 

200 A GeV 

Au 38.8 32.6 2.00 2.25 
Ag 30.9 27.0 2.20 2.34 
Cu 25.3 22.9 2.36 2.39 
C 13.6 11.6 2.78 2.69 

Au 58.8 43.5 2.70 2.75 
Ag 51.7 36.6 2.79 2.85 
Cu 42.6 30.4 2.91 2.89 
C 23.0 16.8 3.15 3.21 

and new phenomena can not be excluded. Peak-val- 
ues and positions, both for the data and for the Fri- 
t iofmodel ,  are given in table 1. The shift in the peak 
position, as the target mass changes, is fairly well de- 
scribed by the Fritiof model at 200 A GeV. This shows 
that such shifts can be produced without involving 
any collectivity. 

To study the deviations further, figs. 2c and 2d show 
the impact-parameter dependence o f  the charged- 
particle distributions in 16OWAu collisions com- 
pared to the Fri t iof predictions. For  each energy the 
data have been divided into three samples, character- 
ized by the energy measured by the ZDC. The sepa- 
rations were made at 90 and 270 GeV for 60 A GeV, 
and at 500 and 1700 GeV for 200 A GeV. Similar 
features as seen for the different targets are here re- 
peated for the three different event samples. For  the 
200 A GeV data the relative deviations at mid-rap- 
idity are approximately the same for the three 
samples. 

5 .  T h e  t a r g e t  m a s s  d e p e n d e n c e  

In the inset of  fig. 3 we show the target mass, AT, 
dependence o f  the charged-particle densities, p, for 
central interactions between 160 and Cu, Ag and Au 
at 200 A GeV. Here the centrality criterion is that less 
than 20% of  the beam energy is deposited in the ZDC, 
which corresponds to events where presumably al- 
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Fig. 3. The target dependence of the pseudorapidity densities, parametrized as p ~ A ~, in different regions of ~/for 160 induced interac- 
tions. The large figure shows the extracted c~-values for 60 and 200 A GeV, and the inset examplifies the linear fits to obtain them. In the 
large figure the points for 60 A GeV are shifted 0.1 units to the right. 

most  all o f  the oxygen nucleons participate. The den- 
sities, p, are extracted in q-bins ranging from - 1.7 to 
4.2. In order to study how the charged-particle den- 
sity depends on the target mass, we have chosen to 
use the simple parametrization p ~A ~. This parame- 
trization gives a fairly good description o f  the data in 
all rapidity regions considered, but the exponent var- 
ies considerably with ~/. Fig. 3 shows or(r/) as ob- 
tained by least-squares fits, examplified in the inset. 
The same parametrization is used for the 60 A GeV 
data and these results are included in fig. 3. a(~/) has 
a maximum around r/= 0 and decreases rapidly with 
r/, indicating that a "global target dependence" is 
strongly dependent on the rapidity region consid- 
ered. ot being close to one for low values o f  r /might 
indicate the importance o f  complete target break-up. 
The target dependence varies smoothly over the whole 
r/-interval and no regions where c~(~/) is fairly con- 
stant are observed. As r/approaches 4, the projectile 
influence is dominant  and the particle yield becomes 
independent of  the target mass. The similarity be- 
tween the two energies suggests that the target influ- 
ence is essentially independent of  the incident energy. 

6. Transverse energy per particle 

In ref. [ 9 ] the transverse energy, ET, distributions 
measured by the Mid-Rapidity Calorimeter [4] were 
presented. The inset of  fig. 4 shows the ET versus the 
charged-particle multiplicity, rich, for 16 O + Au at 200 
A GeV, both quantities measured in the r/-interval 2.4 
to 4.0. A linear relationship is seen. In fig. 4 we show 
the average ET/nch as a function of  the energy in the 
ZDC, at both bombarding energies and for all four 
targets. (Observe the broken scale on the y-axis.) It 
should be noted that the contribution from neutral 
particles is included in the ET. The ET/nch stays fairly 
constant over the total ZDC energy-range indepen- 
dent o f  projectile energy and target and has an aver- 
age value o f  550 MeV at both energies. An assumption 
of  equal contributions from negative, positive, and 
neutral particles lowers this value to 370 MeV per 
particle. This is in approximate agreement with ear- 
lier findings in p-p ,  p-nucleus and tx-~t interactions 
[10].  

7. Particle-density fluctuations and energy densities 

The constant value of  the average ET/neh shows that 
an energy-density estimate can be made using a for- 

600 



Volume 202, number 4 PHYSICS LETTERS B 17 March 1988 

> 

© "d 

• Au 
0.8 ~ Ag 

• Cu 
° C  

0.7 

0.6 

0.5 ° 
o 

0.6 o 

~ o | 

0.5 

0 

2.0 < 1"1 < 4.2 

200 A GeV 

120 

~ 80 

~-40 

o 

160+Au 200AGeV 

• !!iiiiiiii!!!! ~ 
:iiii~Hliii~: 

: ; ; | | = ; : : .  

80 160 240 
Charged particle multiplicity 

° ~ ~ 

60 A GeV 

J l i 

0.25 0.5 0.75 

EZD C / Eprojectile 

Fig. 4. ET per charged particle for interactions between ]60 and various targets at 60 and 200 A GeV as a function of EzDc. The inset 
shows ET versus charged-particle multiplicity for ~60 + Au reactions at 200 A GeV. Statistical errors are examplified. 

m u l a  wi th  a cons t an t  t ransverse  mass,  e.g. 
e o = 3 p m T / Z o I t R  2 [ 1 1 ]. Here  p is the  charged-par t ic le  
densi ty ,  mT is the t ransverse  mass,  zo is the  in i t i a l  

f o rm a t ion  t ime,  a n d  R is the rad ius  o f  the  t ransverse  
reac t ion  zone.  For  centra l  col l is ions  o f  oxygen on  
larger nuclei  we have used mx = 0.37 GeV, To = 1 fro/c, 
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Fig. 5. Charged-particle density distributions for ]60 induced reactions with various targets at 200 A GeV. The upper axis shows the 
calculated energy density in the region of aplicability [ I 1 ]. 
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R = 1.2 A ~/3 fm, and A = 16. In fig. 5 we show the cross 
section for observing a given particle density, p . . . .  
for the 200 A GeV data. Here Pmax is defined in each 
event as Anch/At/in the region 2.75 < ~/< 3.25. The tails 
of the distributions extend to larger values Of Pmax as 

the target mass increases, and the extreme events have 
calculated energy densities well above 3 GeV/fm 3. 
This is consistent with the findings of refs. [2,9] 
where somewhat different methods to estimate en- 
ergy densities were applied. 

8. Conclusions 

We have presented charged-particle distributions 
as a function of target mass and "centrality" of the 
collision. Events with more than 450 charged parti- 
cles have been observed. The Fritiof model underes- 
timates the cross section for the highest multiplicities, 
particularly at 200 A GeV. The pseudorapidity value 
where the particle density reaches its maximum is 
shifted backwards as the target mass increases. This 
behavior is in qualitative agreement with the Fritiof 
model. We observe an excess in the particle yield in 
the central rapidity region, prominent at 200 A GeV, 
when we compare with the model. For central colli- 
sions the target dependence of the particle yield var- 
ies strongly with the polar angle. In an A~ 
parametrization of the charged-particle densities, the 
extracted a-values range from 0.8 to 0, and a com- 
parison with the simple geometrical expectation of 
is meaningful only if the full angular region is cov- 
ered. Although the particle yield increases with en- 
ergy, the influence of  the target is almost the same at 
the two energies. The average transverse energy per 
charged particle is essentially independent of energy, 
target mass and "centrality" of the interaction. Par- 
ticle densities up to 160 charged particles per unit 
pseudorapidity are readed - a value which has to 
await theoretical interpretations. 
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